Laser Ranging to the Moon:
How Evolving Technology
Enables New Science

James E. Faller
JILA and the
University of Colorado



The Archives, University of
Colorado at Boulder Libraries holds
the James Faller Collection. The
collection contains Dr. Faller’s
Lunar Laser Ranging papers etc.
Currently, Archives personnel are
surveying the collection to create
an initial finding aid. For more
iInformation, please emaill
<arv@colorado.edu>



In this special Laser Fest session, | was asked to talk about the origins of the
Lunar Laser Ranging Experiment...and also how evolving technology, and in
particular the laser, has enabled new science and new measurement capabilities. |
also tried to address the issue of how this idea (and others) have come about. |
have long recognized that new technological advances are the implementers of
much of scientific progress.

The viewgraphs presented here are all of the ones | had intended to
show...some of which, however, | did not show as, for once, | talked much slower
than when | had practiced the presentation. As aresult, | had to quickly skip over
mentioning our recently published big G experiment—a measurement that | had
planned to discuss. This measurement of the Newtonian constant of gravitation
offers yet another example of using lasers to make a “length measurement.” In
this case, a length change of much less than a wavelength of light was measured
with high precision by using lasers to transform this (otherwise difficult) length
measurement into the (much easier to work in) frequency domain. This was done
by beating one laser that was locked to a hanging cavity (whose length could be
“gravitationally changed”) with another laser that was locked to a cavity whose
mirrors were fixed at the hanging cavity’s suspension points.

In my scientific career | have come to realize that almost everything | have done
stands on the shoulders of earlier experiments and experiences that | have either
done or heard about—and that ever evolving technologies (such as lasers) have
served me well in enhancing the sensitivity of my hands and the quickness of my
eyes.
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Measurement Capability —

The Enabler of Scientific Progress






"From the cyclotron of Berkeley to the labs of M.I.T.

We're the lads that you can trust to keep our country

strong and free."



Remembered Colloquia

Wu (Columbia)...Parity Violation

Weber (Maryland)...Gravity Waves

R.V. Jones (Aberdeen)...Design of Apparatus
Bohr (Copenhagen)...

Javan (MIT)...He-Ne Gas Laser
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PRECISION OPTICAL TRACKING OF ARTIFICIAL SATELLITES -

W. F. Hoffmann, R. Krotkov and R. H. Dicke
Palmer Physical Laboratory, Princeton University

July 15, 1959
INTRODUCTION

The authors are serving as a committee for the whole group to study
the problem of instrumentation for precision optical position measurements of
artificial earth satellites. Our interest in this problem concerns the use of
artificial satellites for precision experiments on gravitation. These interests
were briefly described in a letter to Dr. Clemence of the Naval Observatory,
dated May 8, 1959. A copy of this letter is attached.

The following ideas are not wholly those of the authors, but in part
are due to the whole ‘;group: J. Brault, R. H. Dicke, J. Faller, W. Hoifmann,
L. Jordan, R. Krotkov, S. Liebes, R. Moore, J. Peebles, J. Stoner, and
K. Turner.

The precision tracking of a satellite reduces to determining its
position relative to axes fixed in the earth or relative to the star field. There
is a substantial advantage in determining position relative to the star field
as this removes syste'rnaticl errors associated with thermal tilt in telescope .
mountings.

In the techniques to be discussed the background star field is recorded
photographically, A photographic recording of the satellite position is employed

when a sufficient number of photons is available. When the numbexr of photons
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A Proposed Lunar Package
(A Corner Reflector on the loon)
This note describes what is felt to be both a useful and
at the sume time a practical lunar package. The total weisht
involved would be only 2 to 3 pounds, and 1t could be construeted
tc withstand a rather hard landing. Once there, the only require-
ment for it to funetion successfully 1s that its landing leave
it free to bounce and roll until it comes naturally to rest.
This lunar package containing an optical corner has been built,
Recently there has been considerable discussion concerning
the possibility of bouncing a laser off the moon and detecting
the reflected light returning to the earth. This would permit
a precise sarth-moon distance measurement to be made. (The
distance here being measured to one of the larzer maria.)
In order for this to be done, a rather larze aperature is

needed to ecollect the reflected rhotons as is seen from the

following calculation: 30 W +} A_/OM @_{/

All the photons will hid the moon and secatter back into a solid
angle of approx. Zisteradians. The number of wefileesed th:

reflected photons that will be collected is givan by

Seteit & rr“{z‘z:i; ‘fl:no'o ;{/’/i__

m
if we use a 12 # (30 cm.) telescove. Assuming 1/10 of the

photons which hit the moom are reflected, the number collected

b 1 tel ; i1l bs: ?;;
y our ;L;::i:a_i__ 8 36) 3 i / f?éi ////’
%] ("‘;‘K IOM)L 25

which 1s not very encouraging. (With a 100 telesco,a one collects

~ 81 vhotons/lassr burst.)



The lunar package proposed here would permit a substancial
improvement to be made in the number of returning vhotons that
are collected. First note that for a fixed payload (all other
things being egual) it would be Lest to put a single large corner

on the moon rather than a lot of smaller ones. This may be seen

as follows: MM/ —~ j’_s. (,( v Linian 3‘.).4.,)

Ci;ﬁ?‘atﬂah“"f% J&ifz£ qgéL“A! L Acﬂh‘k?’ﬁd»uaan x-f?z L} -u-:i?
The size of the sovnt on earth resulting from diffraction in the
corners affecting the retmrning photons is g}ven by

Caxd x (BahMom e | ~ 7o
It therefore follows that the efficiency which is pronortional
to collection area on.mosn/ﬁiffraction area on esarth eC ,z .
‘Sg it is better, so to speak, to put all the photons in one corner.
In practice (to min mize the possibilities of landing mishaps)
it would be best to place several corners one the moon rather than
"the i1deal" single corner reflectBr.

A one-pound corne» cube (the one used in the model package)
offers a collection area of apworx. N0 cmE Using a 12”(30 e )
telescope to set the diffraction size of the spot on the moon
(an idealization neglecting practical difficulties both in reference
to aetual laser§ and to atmospherie disturbances), the area on
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the moon is given by: _

@xc0~5 M 0 ¢
(Q_\( x ¥ “4x(a ) ~ 33X (0O om

Yo
The number o£+photons returnag(yill be those c?}lect namelys
- 3o o/
2% (00 X (0 A /0 jmzl-

These will form a larger patch on the earth due to the smaller
o)

size of our corner (compared to our lZ"telescope), but et we

lave a larger vhoton collecting area. The net effect of this is

4 Losa =7
that we azain lese asse. by the same factor, namely /0 resulting



in 100 photons being chllected in this ecase. Here, in prinecivle,
the number of thotons collected goes as the forth power of the
telescoce aperature sc that going to a larger telesccpe 1s even
more useful $mem than In the case of bouncing chotons simply

off the moon where Improvements are only proportional teo the

gauabe of the sperature.
In additicn to permitting the afore-mentiocned experiment, a

group of corners on the moon would provide the long-desired marking
stripes on the moon and thereby permit precise perlcd measurements

to be made. The moon would then be a precision gravity clock.

Proposed packace (eross section)

fﬂﬂqﬁ:‘_**_jzhﬁhhhmumtvﬂ
N 83 wires to prevent

landing (and staying)
wrong side up

Note that the COM is arranged to be below the center o? the ball
when the corner is proverly positioned, and therefore the packags
will position itself with the corner poiliting up.



“A month or two in the laboratory will
save you an hour in the library.”

Experimental Physicist Moto












Correspondence

Project Luna See*

In order to determine some of the possi-
bilities of optical maser radar we conducted
experiments with the Moon as a target.

PREDICTED PERFORMANCE

The basic system was conceived as con-
sisting of a pulsed transmitter and a re-
ceiver. The transmitter was to be a ruby
maser, radiating at 69344, and focused by
a 12-inch reflecting telescope. The receiver
was to be a photomultiplier tube illuminated
by light collected in a 48-inch reflecting
telescope, The photomultiplier output was
to be displayed on a suitably delayed oscillo-
scope trace (the A-type radar display).

If the light from the ruby were per-
fectly coherent over the cross section, and
illuminated the 12-inch telescope uniformly,
the beam divergence, given by 4/D, would
be about 2% 10~ radians. Even allowing for
a beam width 100 times greater, the resulting
spot on the Moon, at a range of 200,000
miles, would constitute a point source for
re-radiation to the Earth. Thus, if we as-
sume the reflected light to obey Lambert's
law, we get a modified “radar” equation, in
which the received light energy Wy at the
photocell varies as R~ instead of R™4

A
Wa = Wr =2 KKrKe
=R

where 4 is the area of the receiving aper-
ture, R is the distance to the Moon, Wr is
the energy of the transmitted pulse, K, is the
transmission through the atmosphere, Kr
and Kg are the optical efficiencies of the
receiving and transmitting system respec-
tively, o is the normal albedo of the lunar
surface. We estimated (or knew) the con-
stants of our system to have the following
values: A=l m?, Kr=0.75, Kg=0237, K,
=0.85, p=0.15 (for a bright spot on the
Moon), £=384,000 Km, and thus Wg/Wr
=6.5X 10720 If Wy =50 joulesat A=6034 A,
there would be about 12.5 photons incident
on the detecting photosurface per pulse.
Competing with our own signal are
three noise sources: the dark current
emitted by the photosurface, the ambient
light from the lunar surface, and light scat-
tered in the at 1 and the tel 3
Manufacturer's data indicated dark cur-
rents for a cooled photomultiplier corre-
sponding to about 10 photoelectrons/sec.
Since the maser pulse is about 4 X107 sec
in duration, the expected, received photon
flux is of the order of 2.5 10* photons/sec.
At 6900 A the efficiency of the photo sur-
face is about 3 per cent, so that the expected
signal component is about 750 photo elec-
trons,/sec. Thus, the dark-current noise was
expected to be negligible. At night, and
aiming at the dark side of the Moon, the
principal interfering sources are the Earth-
light and the scattered light of the crescent.
The new Moon appears in the sky too early
in the daytime, with a consequent high level
of scattered light in the atmosphere. In addi-
tion the earthshine on the dark portion of
the Moon is maximum at new Moon. Near
full Moon, the dark portion of the Moon is
farkest, but the large amount of light scat-

* Received June 4, 1962; revised manuscript re-
seived, June 7, 1962, This work was ll:rpemd in part
:}t the U, 8. Armny Signal Corps, the Air Force Office

Sc'l;entiﬁ: Research, and the Office of Naval Re-
warch.
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tered from the sunlit surface would make
operation very difficult. The brightness of
the dark side of the Moon varies by abouta
factor of 15 from just after new Moon to
shortly before full Moon (a wvariation of
100° in phase).! From published data® it is
estimated that the power density in the
visible range, incident on the Earth, re-
flected from the dark side of the Moon at
first quarter, is S=3.3X10"% watts/m?
¥ (km? of Moon area). In a bandwidth of
7 A, centered at 6934 A, this corresponds to
a power density of about 0.7X1077 watts/
m*km?, or about 28 photons/sec (meter)®
(kilometer)®. Existing estimates of scattered
light indicate an intensity 1 to 10 times
greater than the above number,

The field of view of the receiving system
was assumed to be limited by an aperture
to an area on the Moon of about 5000 km®.
Thus the background signal received by our
1 m? telescope was expected to be about
1.4 105 photons/sec due to Earth light,
plus a component up to 10 times greater
due to scattered light. Assuming 5X10%
photons/sec, and then including K and K,
we find a “noise” flux of 160,000 photons/sec
incident on the photocell. The maser pulse
duration is about X107 sec, and thus the
expected background photon flux per pulse
length would be about 80, and might be as
low as 30.

T'hese numbers indicate that the signal-
to-noise ratio to be expected, for the param-
eters chosen, might be of the order of 0.5 or
less.

1703

DESCRIPTION OF THE APPARATUS

The telescope used for transmitting was
of a Cassegrainian reflecting type, focal
length 4.55 meters, aperture 0.29 meter
(12 inch). The maser unit, except for small
maodifications to the cooling system, is as
described by Bowness, Missio and Rogala.
(See next communication, this page.) Each
of the four flashlamps is connected through

a 0.3-mH choke to an 840-pF bank of

capacitors, charged to 2200 volts. In labora-
tory tests the output of the maser, as meas-
ured with a calorimeter, was observed to be
about 50 joules. Since the cooling in the
telescope installation was improved over
that used in the above tests, the actual radi-
ated energy may have been somewhat
greater. The maser beam is focused (Fig. 1)
by a lens of 102-mm focal length onto the
focal plane of the transmitting telescope.
Measurements were made of the size of the
focused spot by burning holes through an
aluminum foil. The resulting holes had a
diameter of about 0.9 mm. Jf the hole size
is assumed to indicate the image size, the
beamwidth radiated by the telescope is 0.2
mrad, maximum. The receiving telescope
(Fig. 2) was also a Cassegrainian reflector
of focal length 18.2 m and collecting area of
1.00 m* (48-inch diameter).

A dichroic mirror was used to separate
the red part of the spectrum so that the
residual green light could be used for viewing
through an evepiece. The red portion of the

1 A, Danjon, *Albedo, eolor and polarization of
the Earth,” in “The Solar System,” vol. II, G, P.
Kuiper, Ed,, The University of Chicago Press, Chi-
cago, TIL; 1954

+'M. Minnaert, *Photometry of the Moon,” in
*The Solar System,” vol. III, G. P. Kuiper and B.
Middiehurst, Eds., The University of Chicago Press.,
Chicago, Ill.; 1961,
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circuit, This trigger pulse also activated the
delayed oscilloscope sveeps.

RESULTS

The experimental results are summarized
in Table I, The experiments are grouped
in four series. The number of consecutive
flashes in each series is given in column 3.
Column 5 gives the average signal level
[{
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Fig. 2—Simplified diagram of receiver. The interfer-
ence filter was tuned by rotating its plane with re-
spect to the optical axis of the system,

ber of counts) obtained in a }-msec
interval, due to Earth light and scattered
light. The average was computed from
actual counts in }-msec intervals at time
delays different from the expected round-
trip time delay of the signal. Column 6 gives
the standard deviation of the background
level. The total number of intervals used in
tablishing the backg 1 is given in col-
umn 4. Column 7 gives the average photo-
electron count obtained in that 0.5-msec in-
terval where echoes were expected, and is
therefore a measure of the signal-pulse noise.
It is evident that signal-pulse noise (col-
umn 7) exceeds the average noise by a sig-
nificant amount in all the experiments, but
especially in the first and last ones. After
completion of the experiments there were no

TABLE I
1 2 3 4 5 L] 7
Avera
Eastern Standard Time Region of Number | Number of | Average 5.D. Count
the Moon of Flaghes [ Intervals Nuise Expected
“ Interval
May 9, 1962; 21456-22007 Aél'hgé'gﬁnlul 1 15 1.11 0.28 1.91
1
May 10, 1962; 21¥52-22%34 | Copernicus 13 16 1.39 0.22 1.74
. " 10PN 20°W
May 11, 1962; 21557-22550 [ Tycho 30 2 1.42 .16 1.83
43°510°W
22854-23"15 | Longomentanus 16 7 1.52 0.19 2.32
s S0°520°W

spectrum passed through a camera shutter
and iris assembly at the focal plane, and
was then collimated by a lens. The.adjust-
able iris allowed us to modify the field of
view accepted by the photomultiplier,
Throughout the experiments the diameter of
the circular opening of the diaphragm was
3.6 mm, equivalent to a field of view of
0.2 mrad: After the diaphragm and lens
the red light passed through a combination
of blocking flter and narrow-band tunable
interference filter having a bandwidth of
7A.2 The filtered light fell on the surface
of an EMI 9558-A photomultiplier tube
which was cooled to liquid nitrogen tem-
perature. The signals from the photomulti-
plier were, preamplified and then displayed
on one trace of a double-beam oscilloscope.
On the second trace, timing signals from a
Time Mark Generator were displayed. The
20-msec sweep was delayed by about 2.6
seconds, differently on each night according
to the distance to the Moon. Each trace
was ph hed. The di to the

h-'!.:)«m-xr wa; &lmpuu:d with the aid of

- Ephemeris data.

In order to obtain accurate synchroniza-
tion between the maser pulse and the de-
layed sweep, the firing was initiated by a
l-sec repetition rate trigger pulse, derived
from the timer and gated by a push-button

1The filter was manufactured by Thin Film
Products, Inc., Cambridge, Mass,

signs of damage to the various optical ele-

ments of the transmitter. The focusing lens

of the maser showed slight evidence of dust
burned into the anti-reflecting coating.

We wish to acknowledge the help of

J. Daley, Jr. of Lincoln Laboratory in the

adjustment and use of the telescope; of

G. Hardway and S. Kass of Raytheon Com-

pany in the testing and use of the maser; and

of G. McGrath of Lincoln Laboratory in

computing the Ephemeris data.

L. D. SmuLLin

G. Frocco

Dept. of Elec. Engrg. and

Res. Lab. of Electronics

- Mass, Inst. Tech.

Cambridge, Mass.

* Received June 4, 1962,




In 1963 moved to JILA where | told Peter
Bender and Jan Hall about my idea for
lunar laser ranging.
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A Prototype Lunar Transponder

Manron S, HunT

Air Force Cambridge Research Laboratories
Bedford, Massachusetts

The development of a prototype lunar trans-
ponder for Air Force Cambridge Research
Laboratories by General Dynamics/Astronautics
demonstrates the feasibility of designing future
transponders for hard landings on the moon.
Table 1 provides some of the design character-
isties of the prototype transponder. Advanced
solid-state circuitry, stripline microwave tech-
niques, and special environmental packaging
were used in its design [General Dynamics/
Astronautics, 1963].

Figure 1 shows an expanded view of the pro-
totype I lunar transponder components. On
the moon the transponder functions essentially
as a frequency-modulated transceiver, which
receives a 5052-Mc/s carrier frequency from an
earth-based tracking system. The carrier fre-
quency is modulated by a 4-ke/s range meas-
urement signal, which is retransmitted through
the same transponder directional antenna on a
nominal 5000-Mec/s carrier frequency to the
earth-based tracking system. Also, a course
modulation frequency of 160 cps is used for
ambiguity resolution in the range measurement
determination. The voltage-controlled oscillator
and the phase detector form a phase-lock loop,

which has sufficient bandwidth for retransmis-
sion of the range measurement signal.

A continuous wave (CW) ranging technique
was selected over a pulse radar technique for
the prototype development. Beach et al. [1962]
made a theoretical analysis of both techniques
based on accuracy limitations imposed by ther-
mal noise. Results indicated that the CW carrier
was superior, when phase coherent, and com-
pared with equal signal to noise density ratios
for both techniques.

An input carrier frequency in the 5000-Mc/s
range was selected to minimize tropospheric and
jonospheric effects. At a true elevation angle of
15° the tropospheric range error is 9 meters.
Standard correction methods can be used to re-
duce this error to about 1 meter. At frequencies
greater than 1000 Me/s, ray bending due to the
ionosphere can be disregarded. Tropospheric
ray bending is less than 0.1° for a true elevation
angle of 10°. The number of free electrons in
the ionosphere depends on numerous variables,
such as the sun’s activity, the observer's geo-
magnetic latitude, seasonal changes, and time of
day. As a result, accurate corrections to an
apparent ray path are diﬁ_cult. However, at a

TABLE 1. General Design Characteristics of the Prototype I Lunar Transponder

Characteristics Capabilities

Input frequency 5052 Mc/s
Output frequency 96/97 of phase-locked input frequency
Modulation frequency 4 ke/s, 160 cps
Shock 3000Gs in any direction for a duration of 3 msec
Weight (without batteries) 1.8 kg
Volume 1190 em? (12.9 cm X 14.2 em X 6.5 cm)
Configuration Rectangular parallelepiped
Controlled operating temperature 0° to 30°C

(inside survival package)
Voltage input 25 to 31 volts de
Power consumption Not more than 15 watts at 28 volts de
Qutput power level 100 milliwatts minimum

Warm-up time

Not more than 1 minute at operating temperature
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Optical Radar Using a Corper Reflector on the Moon

C. Q. Arrey! P. L. Bewoes® R, H. Dicxe? J. E, Fatieg? P. A, Frawxen*
H. H. Protein® anp D, T. Winkmsos?

In & recent letter Hunt [1964] described &
microwave transponder that can be landed om
the moon and that ean be used, in conjunction
with & modifisd Glotras station, 1o measure the
distenoe between station and landing site. He
elso sugEests seversl interesting messurements
that could be made on the earth-moon system if
the range necuracy wers sufficiently well de-
veloped. The purpese of this letter iz to point
aout the capabilities and possible advantages of
an optical radar system which uses & corner
reflector on the mooa's surface.

Smullin and Fiocco [1962] have demonstrated
that lnser beams esn be scattered from the
moon's eurface and detestad back at the sarth;
however, the retum signals wers too weak and
too spread out (in time) to be used for pre-
cigion ranging. Hoffman et ol [1960] have pointed
out the advantages of using corner reflectors o
&n artifieial eatellite to permit precision track-
ing. More recently, Plotkin [1964] has deseribad
an aptical radar syetern that is capable of mak-
ing pregision Tange messurements to satellites
which have been eqmipped with corner reflectors.

A typieal optical radar system iz shown
schematically in Figure 1. The Jazer beam
(pulzed or continuous wave) s sent through a
tranemitting telescope which tracks the corner
reflestor on the moon’s surface. A small part of
the reflected light is collected by the receiving
telescope, which also tracks the reflector. (If a
engle telescope with & T/R switch i used, thers
® sorne sacrifice of recelved intensity owing to

1 Department of Physics, University of Mary-
lend, Collage Park, Marvland.

*Joint Institute for Laboratory Astrophysics,
Boaldar, Colorado.

3 Palmer Physical Laborstory, Prineston Uni-
vertity, Princeton, New Jarsay.

¢ Depariment of Physics, University of Michi-
gan, Ana Arbor, Michigan,

5 Goddard Space Flight Center, National Asroe
bBautica end Space Administestion, Gresabelt,
Maryland.

veloeity abberation.) The eorrelator measures
the hight travel time to the refiector and back.
The effisiency of such & system, that iz, the
ratio of the number of received to the mumber
of transmitted photons, iz given approximately
by
_1A4'D,S Dy 77

= iAo

where

A in effective area of the corner reflector,
=150 em?,
r is Tange to the corner reflectar, =23.7 X 107

cm.

i woavelength of laser light, /=7 > 10-* cm.

§ iz angular radius of laser heam divergence,
#1070 rad.

Dy is diamster of receiving telescope, 22100 anm.

Dy i3 diameter of transmitting telescope, R=100
G,

Dy is digmeter of laser rod, =2 cm.

T, is transmission through the stmosphere,
=85,

T, is transmission through opticsl elements,
2509,

For & system having the parameters given
above, the efficlency is =33 x 107*; thus, we
goe the need for a high power laser as the light
gource. The experted retorn from the corner re-
fleetor i porza 100 times stronger than that duoe
o diffuse scattering by the Junar suriace.

For pulsed radar applicatione, a Q-switched
muby laser can be used as the light source. The
parametors used sbove for estimating 7 ane
typieal of n system employing & by loser
which = available commereially and is capable
of delivering 10™ photons in & pulse of 107 sec-
ond duration. With this laser se the ght source
and with & detector of 395 quantum efficiency,
we estimate a return signal of 1 photoslestron
per transmitted pulse. Therefore, the probabil-
ity of getting a return signal from o given trans-
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LURE (Lunar Ranging
Experiment) Team Created



The Lunar Laser Ranging effort was
proposed as an Apollo experiment in

1965.



F_,-——'_T_—T]'I—E_H]TH].I' must be fabricated of space-approved materials, atid ,h
x________ia_ﬁin goal, should have a ter-year life in the lunar -EI'I‘I.?J'I‘CIT'I]IiETIL._______—-—'f







Because of NASA's interest In
Including a astronaut-undemanding
and passive experiment in the
Apollo 11 scientific payload, the
Lunar Ranging Experiment was
accepted.









CORNER REFLECTOR, or corner cube, has the property of re-
turning a ray of light (color) on a path exaetly parallel to that of
the incident ray. At each internal surface the angle of reflection

1 T

equals the angle of inci as d by the colored triangles.
The corner reflectors that were used in the array placed on
the moon were cut from aceurately polished cubes of fused silica.

POSITIONING
HANDLE

CARRYING HANDLE/

LUNAR LASER RETROREFLECTOR, 18 inches square, contains
100 corner cubes and can be adjusted to different angles to aecom-
modate to different locations on the moon. Since it was actually

RETROREFLECTOR

TEFLON RINGS

MOUNTING FOR CORNER CUBE was designed by Arthur D.
Little, Ine., to withstand the vibration and acceleration of an Apol-
lo lift-off and, once on the moon, to minimize thermal gradients
that would affect the optical performance of the reflectors. Each
corner reflector is recessed by about half its 1}-inch diameter and
is held by Teflon rings in a housi hined from alumi

GNOMON
_/

9

AIMING MECHANISM

placed close to the lunar equator atl a point 23 degrees to the east
of the subearth point, it was tilted up 23 degrees. Here the tilt is
greater. The shadow of the provides east 1 ori i




Apollo 11, July 21,1969
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Lunar Laser Ranging

e Laser pulses are sent from stations on the
Earth towards the Moon where they hit
retroreflector arrays and return to the
Earth.

e Ranging started in 1969 and continues to
present
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EXPERIMENTAL AREA in a basement room below the 120-inch Lick telescope contained
two laser systems, the guidance system for pointing the laser beam at the landing site
on the moon and the equipment for detecting the weak return pulse (see diagram below).
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IDENTIFICATION OF REFLECTED LASER SIGNAL was done by dividing the output
of the photon detector into 12 time channels embracing the predicted time of arrival, and
observing whether or not one of the channels filled up faster than the others. The width of
each channel could be varied from .25 microsecond to four microseconds. On the run
shown here, made on August 1, 1969, at the Lick Observatory, the width of each channel
was .5 microsecond. One channel, No. 6, filled more rapidly than the others, confirming that
the returning photons were indeed coming from the retroreflector array on the moon.
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DEPARTURE FROM PREDICTED ARRIVAL TIME presented a puzzle during the lunar-
ranging runs made on August 1, the night return pulses from the retroreflector were first
detected. Each horizontal bar represents a separate run; the thickness of each segment indi-
cates the number of counts in each of 12 counting channels. The run illustrated on the
preceding page, made at 12:03 Universal Time, is shown in color. The colored line drawn
through the channels with the most counts indicates that the actual time of arrival of re-
turn pulses was at first earlier than the predicted time (vertical white line) and then fell
behind by more than two microseconds. It was discovered that the 120-inch Lick telescope is
actually some distance (about 1,800 feet) from the position used for calculating the range
predictions. When the correct location is used, the predicted and actual arrival times agree.






Lunokhod 1, November 1970
[Luna 17]






"Good evening. 1I'm George Graham, Harvard '71.
I have an A.B. cum laude in physics, and I can
recommend the roast duck unreservedly.'



Lunokhod 2, January 1973
ILuna 21]
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Apollo 14 February 5,1971









Apollo 15, July 31, 1971















The Need for (low cost) Aperture
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Practical Guide to Free-Fall Experiments




A NEW TEST OF THE EQUIVALENCE PRINCIPLE FROM LUNAR LASER RANGING*®

R H: Dicke,l I G Williams,2 125 Bender,3 0 Alley,4 W. E. Carter,5

D. G. Currie,a, D H. Eckhardt,6 dfn Uk Faller,3 W. M. I(aula,7 I De
8 o B 8 . 10
Mulholland, H. H. Plotkin,” P. J. Shelus, E. C. Silverberg, W. S.

Sinclair,2 and D. T. Wilkinsonl

1. Princeton University, frinceton, New Jersey 08540

2. Jet Propulsion Laboratory, Pasadena, California 91103

3. Joint Institute for Laboratory Astrophysics, Boulder, Colorado 80309
4. University of Maryland, College Park, Maryland 20742

5. University of Hawaii, LURE Observatory, Kula, Maui 96790

6. Air Force Cambridge Laboratories, Bedford, Massachusetts 01731

7. University of California, Los Angeles, California 90024

8. University of Texas, Austin, Texas 78712

9. Goddard Space Flight Center, Greenbelt, Maryland 20771

10. McDonald Observatory, Fort Davis, Texas 79734
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July 17, 1973
Professor Irwin I. Shapiro
Department of Earth and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Dear Professor Shapiro:

The Lunar Ranging Team would be glad to cooperate with your group in
studies of selencdesy and the lunar librations. The combination of differ-
ential ALSEP VLBI data with laser range data should give some kinds of
information more accurately than it can be obtained by either technique alone.
For other kinds of information, the two techniques will provide a valuable
check on the mutual consistancy of the results.

Our present ability to fit the lumar range data is described in the
articie for Science which was recently sent to you. In addition to the
LURE-1 ephemeris discussed in the article, other ephemerides produced
recently at the University of Texas and at JPL are available for research
purposes if you wish to make use of them. Although they do not have sub-
stantial advantages in terms of fitting the data up to June, 1972 which has
been used in most of our comparisons, the differences in the ephemerides
may come in differently in analyzing the VLBI data. Please feel free to
contact any of the people working on the lunar range data directly for
further information about these ephemerides or about other current work on
improving the range calculations.

As a first step in utilizing both range and VLBI data together, it might
be desirable to employ the libration parameters, reflector coordinates, and
lunar ephemeris discussed in the Science article in the initial analys4s
of your ALSEP data. The libration model we have used is described by
Williams, Eckhardt, Kaula, and Slade in their paper from the Houston meeting,
which 18 to be published in The Moon. I understand that the LURE-1 ephemeris
can be supplied to you on request either by JPL or the University of Texas.

As soon as we have other ephemerides or improved libration models which
do a substantially better job in fitting the range data than the present ones,
we will certainly let you know. Please feel free to call on us for any assis-
tance we can provide in utilizing the VLBI data. Conversely, we would welcome
any suggestions from your group on ways in which the VLBI results can be
utilized to give improvements in our analysis of the laser range data.

Sincerely,

James E. Faller, Chairman,
Lunar Ranging Experiment Team
JEF :0b
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Verification of the Principle of Equivalence for Massive Bodies*

Irwin I. Shapiro and Charles C. Counselman, III
Mazsachusetts stitute of Tecimalogy, Cambrfdge, Massachuseits 02738

and

Robert W, King

Afr Forvee Cambridre Reseavch Labovafories, Bedford, Maessachusefls 01731
{Received 10 December 1975)

Analysiz of 1889 measurements, accumulated between 1970 and 1874, of echo delays
of laser signals transmitted from Earth and reflected from cobe corners on the Moon
shows gravitational binding energy to contribute equally to Earth’s inertial and passive
gravitational masses to within the estimated uneartainty of 1.5%. The corresponding re-
strictlon on the Eddington-Hobertson parameters le 44 —y— 3~ - 0,001 0,015, Combina-
tion with other results, as if independent, yields 5=1.003 £0.005 and v =1.008 £0.008, in

accord with general relativity.

Verification of the principle of eguivalence has
been of concern to physicists at least since the
time of Ioannes Grammaticus in the 5th Century.!
Laboratory experiments performed over the past
300 vears have allowed increasingly stringent
limits, from 1 part in 10° to 2 parts in 10", to
be placed on the independence on composition and
size of the ratio of the inertial to the passive
gravitational masses of diverse objects 2 How-
ever, despite their impressive accuracy, these
experiments fail utterly to test whether gravita-
tional binding energy contributes equally to iner-
tial and gravitational mass. For a meter-sized
laboratory object, the gravitational binding ener-
gy represents only about 1 part in 10%* of the to-
tal energy, about eleven orders of magnitude too
small to detect with present laboratory tech-
niques. To test this aspect of the principle of
equivalence, the cornerstone of general relativi-
ty, it is necessary to utilize planetary-sized bod-
ies since the ratio, A, of the magnitude of the

gravitational binding energy to the total energy
scales as the square of a typical length, For a
homogeneous sphere, A = 0.87GpR?/c?, with G the
constant of gravitation, ¢ the speed of light, p
the density, and # the radius.

To verify the principle of equivalence or to de-
tect a violation for such massive bodies, one
must monitor their orbital behavior. However,
without independent measurements of mass, three
ar more bodies are required to detect a viola-
tion. Nordivedt® pointed out that for this purpose
the Earth-Moon-Sun system would be useful since
laser measurements® of the Earth-Moon separa-
tion, made possible by the optical corner reflec-
tors on the moon, would allow a significant test
to be made.

To deseribe the orbital effects of a violation,
we consider the simplified Newtonian equations
of motion for the geocentric orbit of the Moon,
neglecting terms of order A® and perturbations
of all bodies except the Sun:
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New Test of the Equivalence Principle from Lunar Laser Ranging*

J. G, Williams, R. H. Dicke, P. L. Bender, C. O. Alley, W. E. Carter, D. G. Currie, D. H. Eckhardt,
J. E. Faller, W. M. Kaula, J. D. Mulholland, H. H. Plotkin, S. K. Poultney, P. J. Shelus,
E. C. Silverberg, W. S. Sinclair, M. A. Slade, and D. T. Wilkinson
Jet Propulsion Labovatory, Pasadena, Califovnia 91103, and Princeton University, Pvinceton, New Jevsey 08540,
and Joint Istitute for Labovatory Aslvophysics, Bouldey, Colovado 80309, and University of Mawyyland,
College Pavk, Maryland 20742, and University of Hawaii LURE Obsevvatory, Kula, Maui 96790, and
Air Force Cambyridge Research Labovatovies, Bedford, Massachusetts 01731, and
University of California, Los Angeles, California 90024, and University of Texas
MeDonald Obsevvatory, Austin, Texas 78712, and Goddavd Space Fight Center,
Greenbelt, Maryland 20771
(Received 8 December 1975)

An analysis of six years of lunar-laser-ranging data gives a zero amplitude for the
Nordtvedt term in the Farth-Moon distance yielding the Nordtvedt parameter 1n=0.00
£0.03 Thus, Earth’s gravitational self-energy contributes equally, £3%, to its inertial
mass and passive gravitational mass. At the 709 confidence level this resualt is only con-
sistent with the Brans-Dicke theory for w >29. We obtain | -1 =0.02 to 0.05 for five-
parameter parametrized post-Newtonian theories of gravitation with energy=-momeantum
conservation, or |#—1| = 0.01 if only # and v are considered.

It was pointed out by Dicke in 1961 that the ra-
tio of the gravitational mass to inertial mass for
astronomical bodies could be slightly different
from unity if the gravitational self-energy of a
body varied with its position in the gravitational
potential of another body.! When the total mass
of a test body is a function of its position in a
static gravitational field, an anomalous “gravita-
tional” force must act on the body if energy is to

equivalence principle in the metrie theories of
gravity, To do this, he extended the parame-
trized post-Newtonian (PPN) formulation of met-
ric theories and caleculated for the first time how
the deviation from unity of the ratio of gravita-
tional mass to inertial mass would depend on the
various parameters, He showed that the results
correspond to a new aspect of relativistic gravity
which has not been measured in other gravitation-
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INVISIBLE TARGET of the lunar-ranging experiment was the ret-
roreflector array at the Apollo 11 landing site in the Sea of Tran-
} y. The guidance system that aimed a laser beam at the target
through the Lick telescope incorporated a television camera, and
this is a television view obtained while the astronauts were still on
the moon. The landing site was located with respect to known
craters. When the telescope was pointed so that a reticle fell on one

of these craters, Moltke (bottom left).the target reticle was over the
presumed position of the landing site (bottom center) some 25 miles
away. (When this picture was taped, the data were not yet refined
and so the target reticle is slightly misplaced.) In order to confirm
the aim, a small portion of the laser light was returned to the tel-
sion camera by retroreflectors in the telescope, so that a bright

ot was superposed on the target reticle every time the laser fired.










’ Analysis of Surveyor3 '
“material and photographs /
" returned by Apollo 12




ll. Summary and Conclusions

N. L. Nickle and W. F. Carroll

The successful return of the Surveyor 3 hard-
ware, lunar soil, and photographs taken by the
Apollo 12 astronauts permitted 36 studies to be
made by more than 80 investigators.

Chapter III contains the significant engineering
results obtained from these studies. Chapters IV
through XI contain the results of the scientific
investigations. Because the papers were written
individually by members of the investigating
teams and therefore are presented in a different
format than are chapters I through III, some
redundancy or differences in interpretation may
occur.

This chapter is a summary of the engineering

and scientific results derived from the investiga-
tions.

Engineering Results

Results of the engineering investigations were
essentially “nonspectacular”; the primary value
liec in the fact that no failures or serious adverse

ment with laboratory simulations. The discolora-
tion was found to be subject to photo-induced
oxygen bleaching. This bleaching was responsi-
ble for a considerable change in color during the
several months of exposure since return to Earth.
Organic contamination is not a significant factor
in the observed discoloration of the external sur-
faces.

Almost all exposed surfaces on the camera
were partially covered with a fine layer of lunar
dust. Substantial variations existed in the quan-
tity and apparent particle size of dust on the
various surfaces. The dust distribution indicates
that the fines were disturbed and implanted upon
the spacecraft primarily by the initial Surveyor
landing and by the approach and landing of the
Apollo 12 Lunar Module (LM ). The presence of
dust, even in very small quantities, can have a
significant effect on temperature control and op-
tical performance of hardware on the lunar sur-
face.




“More things are known than
are actually true.”
J. R. Plerce



ROBERT H. DICKE
PRINCETON UNIYERSITY
Department of Physics
JOSEPH HEMRY LABORATORIES
JADWIN HALL
Posl Office Box 708
FPRINCETON, NJ 08544

LUNAR LASER RANGING
REMINISCENCES

While on leave al Harvard in 1954-55, 1 considered the
experimental basis of general relativity, Einstein's Lheory of
gravitation 1 concluded that the observational basis was thin and
that much more was needed, particularly a rnodern high precision
version of the Eotvos experiment. This experirnent was started at
Priinceton in 1955, Problems were encountered and many
students, post docs and faculty contributed to Lheir colutions

Among the interests of our research group was Dirac's
Cosrnology and its implication of a decreasing gravitational
constant, Mach's principle and the scalar-tensor theory developed
in collaboration with Carl Brans

The gravilation research group would rneel in Lhe evening
once a week Lo discuss research ideas, sorme wild and soine rot. S
wild. One night Lesting for a decreasing gravitalional constanl was
proposed using a zero drag salellite orbiting the ear Ll and
measuring the orbital period The period was Lo be rneasired by
reflecting a light pulse from a corner reflector carried on b
satellite.  The laser had not yel been developed and we had in

rmind using a flash lamp for illumination  Wilh bLhe developrient



of the laser it becamne feasible to eliminate the artificial satellite
and use the moon instead Jim Faller first suggested this and 1
remember that he brought a corner reflector mounted in a rubber
ball to one of the evening meetings to show how Lhe experiment
might be done  The ball could be dropped from a lunar lander and
the ball would roll ke point Lhe reflector upward.

Sormne years later, after several members of the group had
left Princeton, a number of us met ab a Physical Society meeling
to discuss the possibility of proposing such an experiment to NASA
We decided Lthat seme one persen should take bthe responsibility of
propesing the experiment and Carroll Alley was urged to do this
Alley was successiul.  Laler an advisery commitlee wasz established
with members [rom both inside and oulside the Princeton group

A high peint in my memory of the Lunar Laser Ranging
prograim is the night thal reflected oplical pulses were first
observed.  After the first set of corner refleclors had been left. on
the moon al the Lime of Lhe firsl lunar landing, attempts were
made ab Lwo different observatories Lo observe light pulses {rom
the reflectors, using large lelescopes, especially instrumented for
the job., One of these efforts, directed by Jim Faller, used the
large telescope of the Lick observatory on Mt Hamilton. The other,
directed by Carroll Allev, used a large telescope of the University
of Texas.

For several days neither Lteam was successful, The situation
was desperate for the allotted time at the Lick observatory was
nearly exhausted | had not been invelved with either group but
happened to be spending a month at the Lick observatory on the
Santa Cruz campus. On our last night I visited Lhe telescope Jim



showed ne the instrument details and he convinced me that
everything was well tested and working. | spent the rest of the
night in the control room looking for photon counts above the noise
in the range channels. I like to believe that, in some srnall way,

my good luck contributed Lo the success of that night's
observations.



And what role did the Lick observations
play...? They contributed an important
“existence theorem” that the array was
working!
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Analysis of lunar ranges gives information
on orbit, gravitational physics, geodesy,
geophysics and lunar science.

Einstein’s general relativity Is confirmed.
Earth rotation and station positions and
motions are measured. Lunar tides are
measured and fluid core Is detected.



Ken Nordtvedt described the LLR as “the
near-complete relativistic gravity
experiment.”



Irwin Shapiro once described the Lunar
Laser Ranging Experiment as NASA's
“most cost effective experiment.”



Henry Cavendish, were he alive today,
would describe the Lunar Laser Ranging
Experiment by using the same words he
used In regard to his (1798) “Experiment
to Determine the Density of the Earth”
namely, “The apparatus Is very simple.”



And were Einstein alive today, he would
simply say, In spite of its apparent
simplicity, “The Lunar Laser Ranging
Experiment is a Thick Board!”




“I' HAVE LITTLE PATIENCE WITH SCIENTISTS WHO TAKE
A BOARD OF WOQOD, LOOK FOR ITS THINNEST PART, AND

DRILL A GREAT NUMBER OF HOLES WHERE DRILLING IS EASY.”
ALBERT EINSTEIN
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